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Alterations of BRAF are the most common known ge-
netic aberrations in pediatric gliomas. They frequently
are found in pilocytic astrocytomas, where genomic du-
plications involving BRAF and the poorly characterized
gene KIAA1549 create fusion proteins with constitutive
B-Raf kinase activity. BRAF V600E point mutations are
less common and generally occur in nonpilocytic tu-
mors. The development of BRAF inhibitors as drugs has
created an urgent need for robust clinical assays to iden-
tify activating lesions in BRAF. KIAA1549-BRAF fusion
transcripts have been detected in frozen tissue, how-
ever, methods for FFPE tissue have not been reported.
We developed a panel of FFPE-compatible quantitative
RT-PCR assays for the most common KIAA1549-BRAF
fusion transcripts. Application of these assays to a col-
lection of 51 low-grade pediatric gliomas showed 97%
sensitivity and 91% specificity compared with fluores-
cence in situ hybridization or array comparative
genomic hybridization. In parallel, we assayed samples
for the presence of the BRAF V600E mutation by PCR

pyrosequencing. The data further support previous ob-
servations that these two alterations of the BRAF,
KIAA1549 fusions and V60OE point mutations, are asso-
ciated primarily with pilocytic astrocytomas and non-
pilocytic gliomas, respectively. These results show that
fusion transcripts and mutations can be detected reli-
ably in standard FFPE specimens and may be useful for
incorporation into future studies of pediatric gliomas in
basic science or clinical trials. (J Mol Diagn 2011, 13:
669—-677; DOI: 10.1016/j.jmoldx.2011.07.002)

Brain tumors are the most common solid tumors in chil-
dren and are the leading cause of cancer mortality in this
age group (Surveillance Epidemiology and End Results
Cancer Statistics Review, http://seer.cancer.gov/csr/
1975_2006/accessed October 21, 2010). Our under-
standing of the basic biology of these tumors is not well
developed and resources for their diagnosis and man-
agement are limited. Most pediatric low-grade gliomas
defined as World Health Organization grade | or Il are
slow growing and have low malignant potential, but
they comprise a heterogeneous group of neoplasms
with diverse behaviors and somewhat unpredictable
clinical outcomes. Better understanding of the molec-
ular, cellular, and developmental biology of these tu-
mors is needed to facilitate improvements in diagnosis
and therapy.

Recent studies have highlighted the role of mutations
that deregulate the activity of RAF family protein kinases
leading to constitutive signaling via the mitogen-activated
protein kinase pathway.? Most prominent of these in pe-
diatric brain tumors is a class of genomic alterations on
chromosome 7g34 that create fusions between a gene of
unknown function, KIAA1549, and the BRAF gene.>’ As
a result of these fusions, a 2-Mbp region between the two
genes is duplicated in tandem such that the 5’ end of the
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KIAA1549 gene becomes fused with the 3’ end of BRAF.®
Four single instances of similar duplications have been
identified on chromosome 3 in which the SRGAP3 gene
becomes fused to the RAFT gene.®~® Three additional
cases of pilocytic astrocytoma (PA) have been identified
in which a 2.5-Mb deletion results in genetic fusion of
BRAF to the FAM131B gene.” Each of these chimeric
genes encodes a protein in which the C-terminal RAF
kinase domain is retained intact, but the N-terminal RAF
regulatory domain has been replaced by a polypeptide
derived from the N-terminus of the fusion partner,
KIAA1549, SRGAP3, or FAM131B. These fusion proteins
have deregulated kinase activity that causes phosphor-
ylation of MEK1/27-® and ERK,®” and can transform
NIH3T3 cells.®>"® The constitutive signaling is attributed
to the loss of the RAF regulatory domain, and may be
enhanced by membrane association of the N-terminal
fusion partner domains.®

The junctions of these fused genes are located at
diverse positions within introns such that splicing ligates
exons with matching reading frames together to create
functional chimeric mRNAs (Figure 2B and C, of Forshew
et al®). Five different configurations of intronic KIAA1549-
BRAF fusions have been identified in several studies. The
distribution of these recently was reviewed by Tatev-
ossian et al.? Seventy-eight percent of the reported
KIAA1549-BRAF fusions (59 of 76) join exon 16 of
KIAA1549 to exon 9 of BRAF (16-9 fusion), 13% of fusions
(10 of 76) connect exon 15 of KIAA1549 to exon 9 of BRAF
(15-9 fusion), and 7% of fusions (5 of 76) connect exon 16
of KIAA1549 to exon 11 of BRAF (16-11 fusion). Single
instances of two other KIAA1549-BRAF fusion transcripts
also have been identified. They consist of KIAA7549 exon
18:BRAF exon 10 (18-10 fusion) and KIAA1549 exon 19:
BRAF exon 9 (19-9 fusion). The FAM131B-BRAF fusions
and SRGAP3-RAF1 fusions are less common and more
diverse in structure.®”

The other BRAF alteration that has been found in pediat-
ric low-grade astrocytomas is the T to A transversion at
codon 600 that converts a valine to a glutamic acid (V600E),
creating a highly active, constitutive kinase molecule. Acti-
vating mutations in BRAF are found in more than half of
melanomas, about 80% of which are V60OE, as well as
carcinomas of the thyroid, colon, and ovary.'®"" The V600E
mutation exists in a small number of low-grade pediatric
pbrain tumors including PAs and diffuse astrocytomas and
pleomorphic xanthoastrocytomas,* ©'2'¢ a fraction of
higher-grade astrocytomas (grades 3 and 4),'” and in
about half of gangliogliomas.®'?

Inhibitors of BRAF, some of which already are being
evaluated in adult clinical trials, may be promising ther-
apeutics for pediatric gliomas harboring BRAF V600E
mutations or BRAF fusions.’™® ' It also is possible that
KIAA1549-BRAF fusions contribute to other types of ma-
lignancies. As such, there is an emerging need for clini-
cally robust technologies to identify tumors with activated
forms of BRAF in individuals who might benefit from these
targeted agents.

Because they are rare and often small in size, pediatric
astrocytoma biopsy samples generally are archived only
as formalin-fixed paraffin-embedded (FFPE) tissue sam-

ples in most hospitals. These FFPE tissue samples con-
stitute a valuable resource for identifying biomarkers that
may be useful for diagnosis, determining prognosis, and
predicting response to treatment. The use of archival
tissue samples for molecular genetic studies requires
specially designed and validated assays that tolerate the
degraded and fragmented nucleic acids extracted from
FFPE tissues. Therefore, to better address the clinical
need to identify BRAF mutations and to facilitate retro-
spective studies on archival tissue samples, we have
developed and evaluated novel quantitative reverse tran-
scribed PCR (gRT-PCR) methods for detection of multiple
KIAA1549-BRAF fusion genes in standard FFPE samples
of pediatric brain tumors. Exon—exon fusion junctions in
transcripts from the hybrid KIAA1549-BRAF gene were
detected using a panel of novel gRT-PCR assays involv-
ing short amplicons (560-100 bp). The sensitivity, speci-
ficity, and accuracy of this method were evaluated by
comparison with cytogenetic data obtained with a clinical
fluorescence in situ hybridization (FISH) assay and array
comparative genomic hybridization (CGH). In parallel, we
identified mutations at codon 600 of BRAF with a com-
mercial PCR pyrosequencing method that is similarly tol-
erant of degraded template DNA extracted from FFPE
tissue. These assays provide a new strategy for rapid and
reliable evaluation of the BRAF status of pediatric gliomas
using FFPE specimens.

Materials and Methods

Pathologic Specimens

Sections of FFPE blocks and unstained slides were ob-
tained from the Departments of Pathology at Children’s
Hospital (Boston, MA), Brigham and Women’s Hospital
(Boston, MA), Children’s Cancer Hospital (Cairo, Egypt),
Children’s Memorial Hospital (Chicago, IL), and Marmara
University Medical Center (Istanbul, Turkey). All samples
were obtained under protocols approved by institutional
review boards at each institution. The FFPE specimens
for which data were available had been stored as paraffin
blocks at ambient temperature for up to 14 years, with an
average time of 3 years. Neuropathology diagnoses were
made by histologic examination according to the criteria
of the World Health Organization classification' by three
independent neuropathologists (S.S., Jennifer A. Chan,
K.L.L.). PAs were subclassified further as classic (PA_c)
if they had a biphasic appearance, Rosenthal fibers, and
eosinophilic granular bodies, and nonclassic (PA_nc) if
they lacked one or more of these specific features but still
were deemed to be most closely related to PA.

RNA Isolation from FFPE and cDNA Synthesis

Specimens consisting of a total of 40-um sections of
approximately 1 cm? tissue in the form of unmounted
scrolls or scrapings from unstained slides were obtained
from each FFPE tumor specimen and placed in sterile
nuclease-free microcentrifuge tubes. Paraffin was re-
moved by extracting the tissue sections twice with 1 mL
xylene. For each extraction the samples were vortexed



3 X 4 seconds, incubated for 2 minutes at room temper-
ature, vortexed 3 X 4 seconds again, incubated for 5
minutes, and centrifuged for 2 minutes at maximum
speed (12,000 to 15,000 X g). The supernatant was re-
moved by aspiration. The samples then were incubated
briefly in 100% ethanol followed by centrifugation to col-
lect the tissue and the procedure was repeated with 70%
ethanol. Tissue pellets were air-dried and resuspended in
200 plL lysis buffer (10 mmol/L Tris-HCL, pH 8.0; 0.1
mmol/L EDTA, 2% SDS) and 500 wg/mL of proteinase K
and incubated overnight at 58°C This mixture was ho-
mogenized with an equal volume of 50% phenol, 48%
chloroform, and 2% isoamyl alcohol, and was centrifuged
briefly to separate the phases. The aqueous phase then
was transferred to a new tube with 20 ug glycogen and
500 wlL ethanol, frozen in dry ice, and centrifuged at
15,000 X g for 20 minutes at 4°C. The pellets were rinsed
with 75% ethanol, dried briefly, and resuspended in 20
pL nuclease-free water. Samples were treated with
DNase | (Roche, Indianapolis, IN) by addition of 2 uL
10X reaction buffer (Roche) and 10 units of enzyme, and
incubation at 37°C for 30 minutes followed by extraction
with 50% phenol, 48% chloroform, and 2% isoamyl alco-
hol, and precipitation with ethanol. The pellets were dis-
solved in nuclease-free water and stored at —80°C.
RNA was quantified by UV spectrophotometry and only
samples with a 260/280 ratio greater than or equal to
1.9 and a 260/230 ratio greater than or equal to 2.0
were used for analyses. cDNA was synthesized using
the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA)
according to the manufacturer’s protocol.

Hydrolysis Probes and gRT-PCR

Hydrolysis probe assays to detect KIAAT549-BRAF exon
junctions were designed using the Applied Biosystems
web site and were purchased from Applied Biosystems.
The length of the amplicons were limited to 100 bp. The
primer and probe sequences used in these assays are
detailed in Table 1. The probes were labeled with fluo-
rescent groups (5-carboxyfluorescein) at the 5’ end and
proprietary minor-groove-binding nonfluorescent quench-
ing groups at the 3’ ends. Primers were used at a final
concentration of 0.9 wmol/L and probes were used at
0.25 umol/L. Reactions (20 ulL) containing cDNA from 20
ng of RNA were run in triplicate, according to the manu-
facturer's recommendations. Assays to detect glyceral-

Table 1. Oligonucleotides Used in qRT-PCR Assays
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dehyde-3-phosphate dehydrogenase (GAPDH) mRNA
were conducted in parallel. All assays were run in sepa-
rate microtiter wells. Quantitative PCR was performed
using an Applied Biosystems model 7900HT machine.
Reactions were first incubated at 50°C for 2 minutes, then
95°C for 10 minutes, and then for 50 cycles of 95°C for 15
seconds and 60°C for 1 minute. Fluorescence was re-
corded and cycles to threshold (C;) were calculated
using 7900HT Sequence Detection Software, version 2.3
(Applied Biosystems, Carlsbad, CA), as recommended
by the manufacturer. Representative PCR products also
were resolved on 20% polyacrylamide gels to confirm
their sizes and sequenced to validate their accuracy. The
utmost care was taken to ensure that amplification
products did not contaminate samples to be assayed.
Aside from the gel electrophoresis and sequencing
procedures, all PCR plates were kept sealed and
stored at —20°C or discarded after gRT-PCR. All gRT-
PCR assays were repeated twice in isolated single-
sample runs unless sufficient material was unavailable.

Clinical Assays

Interphase FISH was performed to detect 3'BRAF dupli-
cations in the Center for Molecular Oncologic Pathology
of the Dana Farber Cancer Institute (Boston, MA). FISH
was performed on 4-micron tissue sections using the
D771 DNA Probe (chromosome 7 « satellite DNA; Abbott
Molecular, Abbott Park, IL) at 7p11.1-g11.1 and home-
brew probes RP11-767F15 and RP11-60F17 that map
to 7gq34. The RP11-767F15 probe includes the 5’ re-
gion of BRAF and the RP11-60F17 probe includes the
3’ region of BRAF (unpublished data). Specimens with
greater than 15% of tumor nuclei showing a hybridiza-
tion pattern consistent with 3'BRAF duplication were
designated as positive. PCR pyrosequencing assays
to detect BRAF VB600E mutations (PyroMark; Qiagen,
Valencia, CA) were conducted by the Center for Ad-
vanced Molecular Diagnostics at the Brigham and
Women’s Hospital (Boston, MA).

Array CGH

Genomic DNA was extracted from FFPE tissues using the
DNeasy Blood & Tissue Kit (Qiagen). Pooled human
blood DNA (Promega, Madison, WI) was used as a ref-
erence (sex-mismatched) for all experimental samples.

Assay Primers Specificity Sequence Size

16-9 Forward KIAA1549 exon 16 5’ -GCCCAGACGGCCAACA-3" 64
Reverse BRAF exon 9 5’ -CCTCCATCACCACGAAATCCTT-3"
Probe 16-9 junction 5’ -CCCTGCAGTGACTTGAT-3’

15-9 Forward KIAA1549 exon 15 5’ -CGTCCACAACTCAGCCTACA-3 " 68
Reverse BRAF exon 9 5’ -CCTCCATCACCACGAAATCCTT-3"’
Probe 15-9 junction 5’ -TCGGATGCCCAGACTTG-3"’

16-11 Forward KIAA1549 exon 16 5’ -GCCCAGACGGCCAACA-3"’ 53
Reverse BRAF exon 11 5’ -ACTCGAGTCCCGTCTACCAA-3"
Probe 16-11 junction 5’ -CCCTGCAGTAAAACAC-3"

Hs02758991 GAPDH exons 7 and 8 Proprietary 93
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DNA was chemically labeled using the Genomic DNA
ULS Labeling Kit (Agilent Technologies, Palo Alto, CA)
according to the manufacturer’'s recommendations. Tu-
mor and reference DNA samples (2 ug each) were la-
beled separately using Cy5 and Cy3 dyes, respectively,
and hybridized to SurePrint G3 Human CGH 1 X 1M
microarrays (Agilent Technologies, Palo Alto, CA) for 40
hours at 65°C. Microarrays were washed as specified by
the manufacturer and scanned on an Agilent DNA mi-
croarray scanner. Images were analyzed and log, ratios
of signal intensities were obtained using Agilent Feature
Extraction software (version 10.5). Data analysis was per-
formed using the Agilent Genomic Workbench software
suite using the Aberration Detection Method 2 algorithm
with a threshold of 6.0. For algorithm analyses, the aber-
ration filter settings were adjusted to detect aberrant seg-
ments containing a minimum of 5 probes, and the log
ratio cut-off value was set to an average log ratio greater
than 0.35. BRAF duplications were identified by a region
of single-copy gain between the KIAA1549 (138 Mbp)
and BRAF (140 Mbp) genes on chromosome 7.

Calculation of Specificity, Sensitivity, and
Concordance

Results were classified as true positive (TP), true negative
(TN), false positive (FP), or false negative (FN). Specificity
was calculated as TN/(TN + FP). Sensitivity was calcu-
lated as TP/(TP + FN). Concordance was calculated as
(TN + TP)/(TN + TP + FN + FP). Confidence intervals
were computed using a web calculator (http:/faculty.vassar.
edu/lowry/clin1.html, last accessed June 30, 2011).

Results

Detection of KIAA1549-BRAF Fusion mRNAs in
FFPE Samples

The breakpoints that form the fusion junctions between
the KIAA1549 and BRAF genes are found at diverse po-
sitions within introns that range from 1.3 to 8.9 kb in size.
Therefore, it is impractical to develop simple assays to
identify the diverse junctions in DNA extracted from FFPE
tissue. However, the fusion genes produce accurately

KIAA1549

spliced fusion mMRNAs, making RNA-based assays highly
specific. To more reliably detect KIAA1549-BRAF fusion
transcripts in FFPE samples, we devised hydrolysis
probe gRT-PCR assays, which exploit the 5'—3’ exonu-
clease activity of Taq polymerase,®° to detect the three
most common fusion junctions: 16-9, 15-9, and 16-11.
These assays are particularly suited to the analysis of
RNA from FFPE tissues because they involve amplifica-
tion of small targets, in the 50- to 100-bp range. The
scheme of these assays is displayed in Figure 1. For
each assay one amplifying primer is complementary to
the KIAA1549 exon sequence, the other amplifying
primer is complementary to the BRAF exon sequence,
and the probe oligonucleotides span the junction of the
fused exons. For all samples, fusion-specific assays
were conducted in parallel with assays for GAPDH to
control for the quantity and quality of the RNA in the
sample preparations. The 93-bp fragment amplified in
the GAPDH assay is the longest amplicon of all of the
assays.

The specific sequences of the amplification and
probe oligonucleotides used in the novel assays and
the name of the proprietary GAPDH assay used in this
study are presented in Table 1, along with the sizes of
the amplicons for each assay. KIAA71549-BRAF fusion
transcripts were reliably detected in samples with du-
plications of the BRAF gene. Amplicons were not de-
tected in specimens lacking the duplication. Each of
the junction-specific assays was applied to samples of
ovarian carcinoma, thyroid carcinoma, colon carci-
noma, melanoma, and mouse brain. Although GAPDH
was detected, no fusion junctions were detected in any
of these (not shown). The assay was judged to have
technically failed for the single specimen in which
GAPDH was not detected (IST-052).

Figure 2 depicts typical results of gRT-PCR experi-
ments. Fusion-specific junctions were not detected in
cDNA prepared from most samples in which duplications
of the BRAF gene were not detected by the validation
methods of FISH or CGH (Figure 2A). The 16-9 fusion
junction was detected in 28 of the 32 samples in which
BRAF duplications were identified by interphase FISH
(Figure 2B). The 15-9 and 16-11 fusion junctions (2 of
each) were detected in the remaining four samples in

BRAF

Figure 1. Design of qRT-PCR assays for detec-

YT T - 2 s [ S

tion of KIAA1549-BRAF fusions in FFPE sam-
ples. Select exons of the human KIAA1549
(blue) and BRAF (orange) genes are depicted to
illustrate the configuration of the three most
common fusion transcripts and the qRT-PCR as-
says developed to detect them. The positions of
the amplification primers (arrows) and the

159 (AN — (e

16-11 {487

probes for each fusion are indicated. Probe se-
quences are unique to each transcript. Se-
quences of primers and probes are detailed in
Table 1. F, reporter fluorophore; Q, minor
groove binding quencher.
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Figure 2. Representative results of KIAA1549-
BRAF fusion detection by qRT-PCR in FFPE gli-
/ oma samples. Real-time qRT-PCR assays for the

fusions 16-9, 15-9, and 16-11 were compared
with the positive control GAPDH. A: Negative
result for 16-9 BRAF fusion in a pilocytic astro-
cytoma lacking BRAF duplication. Positive assay

results for 16-9 (B), 15-9 (C) and 16-11 (D) BRAF
fusions as detected in pilocytic astrocytomas

E 16-9 product F
MW Pstl uncut

44 1

42

40

C; 381

65 bp 36
40 bp 34 -
32 1

with BRAF fusions validated by FISH or CGH.
Traces indicate fluorescence (y axis) versus re-
action cycles (x axis). E: Digestion of the 16-9
assay product with Pstl shows appropriately
sized fragments confirming specificity. F: Serial
dilution of 16-9 positive tumor ¢cDNA sample
with benign tissue cDNA shows the linear detec-
tion range of the assay. C; values (y axis) are
plotted against the percentage of the 16-9 posi-
tive sample (x axis). The theoretical relationship
between dilution and C in a 100% efficient re-
action is plotted as a solid line. The observed
values are displayed as filled circles connected
by a dotted line.

21 bp 30

which BRAF duplications were identified by FISH (Fig-
ure 2, C and D). The median C; value for GAPDH
assays was 31.34; the median C; value for 16-9 fusion assays
was 38.97; the median C; value for 15-9 fusion assays was
39.64; and the median C; value for 16-11 fusion assays was
36.38.

To confirm that the sequences amplified in the fusion
junction gRT-PCR reactions are correct, representative
reaction products were sequenced. The 16-9 amplifica-
tion product was also characterized by polyacrylamide
gel electrophoresis (Figure 2E). The sizes of the amplifi-
cation product and Pstl digestion products are consistent
with the predicted molecular weights. To evaluate the
efficiency of the qRT-PCR reactions we serially diluted
cDNA from specimens containing fusion products diluted
into cDNA from a benign brain specimen collected dur-
ing epilepsy surgery. Figure 2F depicts a representative
plot of C; versus dilution. The close approximation of the
experimental values to the theoretical optimum shows the
dynamic range of the assay.

Similar assays were prepared to detect 18-10 and 19-9
fusion junctions and were applied to all of the samples for
which BRAF duplications were detected by interphase
FISH. No 18-10 or 19-9 fusion junctions were detected in
any of the samples analyzed in this study (data not
shown), consistent with the reported rarity of these
events.

J ) ) ) 1
10° 10" 102 103 104

Dilution

Detection of Fused mRNAs Correlates with
BRAF Duplication in Samples from Diverse
Institutions

There is significant variability in the quantity and quality
of RNA extracted from FFPE tissue samples from dif-
ferent clinical laboratories at different times. Therefore,
it is important to examine the effectiveness of assays
with the potential for clinical use on samples from dif-
ferent sources. To do this a panel of 71 FFPE clinical
samples was assembled from five institutions: Chil-
dren’s Hospital Boston (Boston, MA), Children’s Can-
cer Hospital (Egypt), Marmara University Medical Cen-
ter (Istanbul, Turkey), Children’s Memorial Hospital
(Chicago, IL), and Brigham and Women’s Hospital
(Boston, MA). The specimens had been stored as par-
affin blocks at ambient temperatures from 1 week to 14
years. Forty-one of the samples were diagnosed as PA.
These included 30 PA_c, 7 that were diagnosed as
PA_nc, and 4 additional tumors for which PA was part
of a differential diagnosis. Thirty of the samples were
not PA. These included 15 specimens of adult glioblas-
toma multiforme (GBM), 8 of ganglioglioma (GG), 1
diffuse grade 2 astrocytoma (A2), 1 low-grade glioma
not otherwise specified (LG_nos), and 5 specimens
of non-neoplastic brain resected in the course of surgi-



674 Tian et al
JMD November 2011, Vol. 13, No. 6

Table 2. Summary of Cases

Total number BRAF duplications BRAF duplications KIAA1549 BRAF BRAF V600E

Diagnosis of cases by FISH by CGH fusions by gRT-PCR mutations
PA_c 30 24/28 5/5 27/29 0/15
PA_nc* 11 8/9 ND 8/11 0/8

GG 8 0/7 ND 0/8 6/8
Adult GBM 15 0/2 0/6 0/15 0/6
Epilepsy 5 nd ND 0/5 ND

A2 1 0/ ND 0/1 ND
LG_nos 1 0/1 ND 0/1 ND

*PA_nc includes 3 samples for which PA_nc is part of a differential diagnosis (see Table 3).

ND, not done.

cal treatment for epilepsy. The specific samples and
results are summarized in Table 2 and detailed in
Table 3.

Each of the specimens in the PA group and 15 of the
specimens in the non-PA group were assayed for BRAF
duplication by interphase FISH. BRAF was found to be
duplicated in 32 of the PA specimens and not dupli-
cated in 5 specimens. None of the 11 non-PA speci-
mens for which FISH was technically successful were
found to have BRAF duplication. Four of the PA group
specimens and four of the non-PA specimens failed to
yield satisfactory data with the FISH assay. Six of the
GBM were examined previously by CGH and no in-
creases in copy number were found in the interval
between BRAF and KIAA1549 (data not shown).

RNA was extracted from each of these specimens and
cDNA was prepared. Each cDNA sample was tested with
the gRT-PCR assays to detect the three exon-specific
KIAA1549-BRAF fusion junctions, as well as GAPDH. In 70
of 71 samples GAPDH was detected at a level high
enough (C; < 40) such that the fusion junctions could be
identified reliably. The results of these assays are sum-
marized in Table 2. Fusion junctions were identified in 31
of the 32 PA group samples in which BRAF duplication
was detected by interphase FISH. Fusion junctions also
were detected in two of the five samples that were found
not to have duplicated BRAF by FISH. Of the four sam-
ples that could not be assessed by FISH, two were found
to have fusion junctions, one was found not to have fusion
junctions, and one failed gRT-PCR (noted earlier). It is
noteworthy that two different fusion junctions were de-
tected in four samples. No fusion junctions were detected
in any of the 30 non-PA samples.

Duplications of BRAF and Point Mutations in
Codon 600 Appear Not to Overlap

In previous studies, about half of GGs were found to have
the activating BRAF VB00E mutation.®>'2 It is therefore of
interest to examine the relationship between BRAF mis-
sense mutations and duplications in this group of spec-
imens. Thirty of the PA group and 15 of the non-PA group,
including all of the GGs, were subjected to PCR pyrose-
quencing analysis to detect mutations at codon 600 of
BRAF. V600E mutations were found in six of the eight
GGs and in no other specimens. Seven of these speci-
mens were described previously, five of which have the

VGB0OE mutation. ' In each case the PCR pyrosequencing
results are in agreement with the previous results ob-
tained with mass spectrometry.

The Panel of gRT-PCR Fusion Junction
Reactions Is a Sensitive and Specific Assay to
Detect BRAF Duplication Events

The purpose of developing this panel of novel gRT-PCR
assays was to provide a highly sensitive and specific
method for detecting BRAF fusion/duplication events that
is rapid, cost effective, and widely applicable. To gauge
the effectiveness of the assays, the results of FISH assays
and array CGH data were taken as true and each result
was categorized as TP, TN, FP, or FN (Table 3). The
sensitivity of the assay to detect BRAF duplications is as
follows: 31/(31 + 1) = 97%. The 95% confidence interval
for the sensitivity of the assay is 82% to 100%. The spec-
ificity of the assay to detect BRAF duplications is as
follows: 21/(21 + 2) = 91%. The 95% confidence interval
for the specificity is 70% to 98%. The overall concor-
dance of the assay to detect BRAF duplications is 95%.

Discussion

The focal duplication on chromosome 7, resulting in
the fusion of the catalytic domain of BRAF to part of the
KIAA1549 gene, appears to be a critical event in the
formation of most if not all pilocytic astrocytomas. Thus,
the evidence so far suggests that this mutation may be a
useful or, possibly, defining feature for diagnosis of these
tumors. In addition, constitutive signaling by the encoded
chimeric protein appears to drive the inappropriate
growth of these cells and hence could provide an oppor-
tunity for targeted therapeutic intervention.

A number of selective inhibitors of wild-type and mu-
tant forms of BRAF are being developed as therapeutic
agents for melanoma and other malignancies involving
deregulated BRAF. Some of these ultimately might be
useful for the management of low-grade astrocytomas
but likely would be considered only in patients whose
tumors are prospectively known to harbor the mutation.
Therefore, it is important to develop and implement as-
says to detect fusions between the KIAA71549 and BRAF
genes that are both sensitive and reliable for clinical
practice. Although the specific junctions in genomic DNA
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Table 3. Samples Used in Study

BRAF BRAF Fusion BRAF Duplication
Sample Diagnosis Duplication Method Notes gRT-PCR Codon 600 Detection

BOS-001 PA_c YES FISH focal duplication 16-9, 15-9 fail true positive
BOS-004 PA_c YES FISH 16-9 wild type true positive
BOS-006 PA_c YES FISH 16-9 wild type true positive
CAI-003 PA_c YES FISH 16-9 ND true positive
CAI-008 PA_c NO FISH 11% duplicated 16-9 ND false positive
CAI-009 PA_c YES FISH 16-9 ND true positive
CAI-010 PA_c YES FISH 16-9, 15-9 ND true positive
CAI-038 PA_c YES FISH 16-9 ND true positive
CAI-066 PA_c YES FISH 16-9 ND true positive
CAI-072 PA_c YES FISH 16-9 ND true positive
CAI-073 PA_c YES FISH 16-9 ND true positive
CMH-027 PA_c YES FISH 16-9 ND true positive
IST-011 PA_c YES FISH 16-9 wild type true positive
IST-015 PA_c fail FISH looks duplicated 16-9 wild type
IST-017 PA_c NO FISH NONE wild type true negative
IST-018 PA_c NO FISH NONE wild type true negative
IST-019 PA_c NO FISH 8% duplicated 16-9, 16-11 fail false positive
IST-022 PA_c YES FISH 16-9 wild type true positive
IST-023 PA_c YES FISH 16-9 fail true positive
IST-033 PA_c YES FISH 15-9 fail true positive
IST-037 PA_c YES FISH 16-9 wild type true positive
IST-051 PA_c YES FISH 16-9 wild type true positive
|IST-052 PA_c faiil FISH FAIL ND
LGG-073 PA_Cc YES FISH & CGH 16-9 wild type true positive
LGG-091 PA_c YES FISH & CGH 16-9 wild type true positive
LGG-107 PA_Cc YES FISH & CGH 16-9 wild type true positive
LGG-172  PA_c YES FISH & CGH 16-9 wild type true positive
LGG-198 PA c YES FISH 16-11 wild type true positive
LGG-200 PA_c YES FISH & CGH 16-9 wild type true positive
IST-003 PA_c YES FISH 16-9 fail true positive
BOS-002 PA_nc fail FISH 16-9 wild type
IST-006 PA_nc YES FISH NONE fail false negative
IST-013 PA_nc YES FISH 15-9 wild type true positive
IST-025 PA_nc YES FISH 16-9 wild type true positive
IST-032 PA_nc YES FISH 16-9 wild type true positive
IST-034 PA_nc NO FISH NONE wild type true negative
LGG-137 PA_nc YES FISH 16-9 wild type true positive
BOS-007  PA_nc YES FISH 16-11 wild type true positive
IST-020 PA_nc v. A2 YES FISH 16-9 wild type true positive
IST-009 PA_ncv GG_c fail FISH NONE faiil
CMH-010  PA_nc v LG_nos YES FISH 16-9, 15-9 true positive
LGG-058 LG_nos NO FISH NONE wild type true negative
BOS-003 GG_c NO FISH NONE V600E true negative
LGG-097 GG_c NO FISH NONE V600E true negative
LGG-100 GG_c NO FISH NONE wild type true negative
LGG-202 GG_c NO FISH NONE wild type true negative
LGG-267 GG_c NO FISH NONE V600E true negative
LGG-285 GG_c NO FISH NONE V600E true negative
BOS-023 GG_c NO FISH NONE V600E true negative
LGG-132  GG_nc NO FISH NONE V600E true negative
BOS-005 GBM fail FISH NONE wild type
BOS-009 GBM fail FISH NONE wild type
BOS-010 GBM fail FISH NONE wild type
BOS-011 GBM NO FISH NONE wild type true negative
BOS-012  GBM fail FISH NONE wild type
BOS-013 GBM NO FISH NONE wild type true negative
BOS-014  GBM ND NONE ND
BOS-015 GBM NO CGH NONE ND true negative
BOS-016  GBM NO CGH NONE ND true negative
BOS-017  GBM NO CGH NONE ND true negative
BOS-018  GBM NO CGH NONE ND true negative
BOS-019 GBM NO CGH NONE ND true negative
BOS-020 GBM NO CGH NONE ND true negative
BOS-021  GBM ND NONE ND
BOS-022  GBM ND NONE ND
CAI-075 A2 NO FISH NONE ND true negative
BOS-024  seizure ND NONE ND
BOS-025  seizure ND NONE ND
BOS-026  seizure ND NONE ND
BOS-027  seizure ND NONE ND
BOS-029  seizure ND NONE ND
MUS-001  Mouse brain ND NONE ND
MUS-002  Mouse brain ND NONE ND

ND, not done.
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formed by these fusions are diverse, the processed
mRNAs from the fused genes occur in a small number of
configurations. To take advantage of this we have cre-
ated a panel of highly sensitive assays to detect each of
the five splice junctions known to arise in KIAA1549-BRAF
fusion mRNAs. The two rarest of these junctions, 18-10
and 19-9, have each been identified only once in the 76
specimens reported in published studies.® Neither of
these rare junctions was detected in this cohort of 40
samples with pilocytic features.

Although most of the pilocytic samples were diag-
nosed as PA_c or PA_nc, four samples had PA_nc as
part of a differential diagnosis but could not be subclas-
sified further. In three of these samples, BRAF was dupli-
cated and fusion junctions were detected. Having this
contributory genetic evidence in a clinical setting would
allow neuropathologists and neuro-oncologists to con-
sider these tumors as being more likely consistent with
PA. The fourth of these samples was diagnosed as PA_nc
or GG. FISH and BRAF pyrosequencing both failed, likely
technically owing to the low quality of nucleic acids ex-
tracted from this sample. GAPDH amplicons were de-
tected, however, and fusion junctions were absent, illus-
trating that the gRT-PCR fusion-junction assay may be
more robust and sensitive than FISH and pyrosequenc-
ing. In this setting, the gRT-PCR assay then would pro-
vide genetic support that this tumor is less likely to rep-
resent a pilocytic tumor.

Of the 54 samples for which the presence or absence
of BRAF duplication was determined by interphase FISH
or array CGH, there were only three in which the detec-
tion of fusion junctions by PCR was discrepant with the
FISH duplication status. In two of these, fusion junctions
were detected by FISH, but the samples were interpreted
as being not duplicated because they had BRAF dupli-
cations in 11% and 8% of nuclei. A threshold of 15%,
established by evaluation of normal tissue, is used as a
minimum for determining duplication by FISH. These
discrepancies therefore may reflect focal or heteroge-
neous tumor pathology. The third sample was deter-
mined to have a BRAF duplication by FISH analysis but
no junctions were detected by gRT-PCR. There are
several possible reasons for this. Because GAPDH is
expressed at a higher level than the KIAA1549-BRAF
fusion transcripts, it is possible that the quality of the
RNA in this sample was such that GAPDH was detect-
able whereas existing fusion transcripts were not de-
tectable. Another possibility is that this specimen con-
tains an 18-10 or 19-9 fusion, but the assay we devised
that is specific for this junction is not sufficiently opti-
mized. It also is possible that the duplication involves
some other fusion that has not been identified previ-
ously. Further studies will need to be performed to
distinguish between these possibilities.

Fusions between KIAA and BRAF in PA_c previously
were shown to be somatic in origin and absent from
matched nonmalignant tissue (blood).® Matched blood
generally was not available for the cohort of samples in
this study, but most FISH analyses include nonmalignant
cells in which duplication of the 3" end of the BRAF gene
is uniformly absent (not shown).

One of the novel findings in our study was that some
individual tumors appeared to express more than one
type of gene fusion mRNA. Of the 35 tumors in which
KIAA1549-BRAF fusion junctions were detected, four
(11%) contained two different fusion transcripts. The pre-
dominant 16-9 junction is present in each of these, but
three were found to also have the 15-9 junction and
another one had the 16-11 junction. The mechanism and
significance of these multiple fusion events are unclear.
The possibility of cross-contamination must be consid-
ered; however, in the three cases for which sufficient
material was available, the results were reproduced in
isolated single-sample assays.

FISH analyses showed that two of these tumors had a
distinct population of cells with trisomy 7 of the dupli-
cated alleles (10% and 14%, respectively), raising the
possibility that two different duplication alleles were cre-
ated by separate events. However, the other two samples
with two different fusions had very little or no trisomy
(<1%). It seems more likely that the different transcripts
were generated in RNA processing. In each case, the
variant mRNAs could be generated by exon skipping
during splicing. It is interesting to note that as many as
30% of brain mMRNAs are reported to involve exon skip-
ping events.?! Moreover, RNA splicing can be altered
significantly in malignant cells.®® Reciprocal fusions be-
tween the PML and RARA genes in acute promyelocytic
leukemia have been shown to express several variably
spliced mRNAs.?® Thus, the presence of multiple junc-
tions within PA_c specimens might reflect exon skipping
events. The significance of this is not clear at this time.

In summary, the findings here should help to facilitate
rapid and accurate analysis of pediatric low-grade astro-
cytomas from diverse medical institutions. Although an-
alytic methods based on RNA extracted from FFPE tis-
sues must be performed and interpreted with care, these
assays appear reliable enough to be useful in the clinical
trial setting as well as in retrospective studies that are
common for these rare cancers. In light of the importance
of the KIAA1549-BRAF fusion in the diagnosis of pilocytic
tumors this test represents a feasible, cost-effective, and
sensitive alternative to FISH studies to facilitate the adop-
tion of testing for these pediatric tumors.
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